Abstract 33 Arthropod vectors have multiple physical and immunological barriers that impede the 34 development and transmission of parasites to new vertebrate hosts. These include the peritrophic 35 matrix (PM), a chitinious barrier that separates the blood bolus from the midgut epithelia and 36 modulates the vector-microbiota interactions. In tsetse flies, a sleeve-like PM is continuously 37 produced by the cardia organ located at the fore-and midgut junction. During their development 38 in tsetse, African trypanosomes have to bypass the PM twice: first to colonize the midgut and 39 then to reach the salivary glands (SG). However, not all flies with midgut infections develop 40 mammalian transmissible SG infections -the reasons for which are unclear. Here, we used 41 transcriptomics, microscopy and functional genomics analyses to dissect the factors that regulate 42 parasite migration from midgut to SG. In flies with midgut infections only, parasites are cleared 43 at the cardia by reactive oxygen intermediates (ROIs) at the expense of collateral cytotoxic 44 damage to the cardia. In flies with midgut and SG infections, gene expression for components of 45 the PM is reduced and structural integrity of the barrier is compromised. Under these 46 circumstances trypanosomes traverse through the layers of the PM by aggregating into cyst-like 47
bodies. The process of PM attrition that enables the parasites to reenter into the midgut lumen to 48 move forward to SG is apparently mediated by components of the parasites residing in the cardia. 49
Thus, a fine-tuned dialogue between tsetse and trypanosomes at the cardia determines the 50 outcome of PM integrity and trypanosome transmission success. 51 52 Introduction 63 Insects are essential vectors for the transmission of microbes that cause devastating diseases in 64 humans and livestock. Many of these diseases lack effective vaccines and drugs for control in the 65 mammalian hosts. Hence, reduction of insect populations, as well as approaches that reduce the 66 transmission efficiency of pathogens in insect vectors, are explored for disease control. Tsetse 67 flies transmit African trypanosomes, which are the causative agents of human and animal African 68 trypanosomiases. These diseases can be fatal if left untreated and inflict significant socio-69 economic hardship across a wide swath of sub-Saharan Africa [1, 2] . The phenomenon of 70 antigenic variation the parasite displays in its mammalian host has prevented the development of 71 vaccines, and easily administered and affordable drugs are unavailable. However, tsetse 72 population reduction can significantly curb disease, especially during times of endemicity [3, 4] . 73
In addition, strategies that reduce parasite transmission efficiency by the tsetse vector can prevent 74 disease emergence. A more complete understanding of parasite-vector dynamics is essential for 75 the development of such control methods. 76
For transmission to new vertebrate hosts, vector-borne parasites have to first successfully 77 colonize their respective vectors. This requires that parasites circumvent several physical and 78 immune barriers as they progress through their development in the vector. One prominent barrier 79 they face in the midgut is the peritrophic matrix (PM), which is a chitinous, proteinaceous 80 membrane that separates the epithelia from the blood meal [5] [6] [7] . In Anopheles mosquito the 81 presence of the PM benefits the vector by regulating the commensal gut microbiota and 82 preventing the microbes from invading the hemocoel [8] . In tsetse and sand flies, the PM plays a 83 crucial role as an infection barrier by blocking parasite development and colonization [9, 10] . The 84 presence of the PM can also be exploited by microbes to promote their survival in the gut lumen. 85
The agents of Lyme disease, Borrelia burgdorferi, bind to the tick vector gut and exploit the PM 86 6 about 11.9% in the permissive (inf+/+) dataset (Fig 2A) . We measured relative parasite density in 148 inf+/-and inf+/+ cardia by quantitative real time PCR (qRT-PCR) using the trypanosome 149 housekeeping gene gapdh normalized to tsetse gapdh. We found significantly higher parasite 150 density in inf+/+ cardia compared to inf+/-cardia (Student t-test, p= 0.0028; Fig 2B) . We 151 confirmed that inf+/+ cardia had higher parasite density by counting trypanosome numbers in the 152 cardia using a hemocytometer (S2 Fig) . Thus, the difference in the representative parasite 153 transcriptome reads in the two infected groups of cardia is due to an increase in the number of 154 trypanosomes in the inf+/+ cardia rather than an increase in parasite transcriptional activity. 155
Interestingly, we noted no difference in the number of trypanosomes present in inf+/-and inf+/+ 156 midguts (S2 Fig). Hence, it appears that the decrease in parasite density occurs in the cardia 157 despite the fact that similar densities are maintained in the midgut. 158
Tsetse's cardia is composed of several different cell-types with potentially varying 159 functions (schematically shown in Fig 2C; S3 Fig) [20] [21] [22] . These include cells originating from 160 the foregut, which are enclosed within a glandular structure formed by secretory cells originating 161 from the midgut. The organ is surrounded by muscles that form a sphincter around the foregut, 162 which likely regulates blood flow during the feeding process. Additionally, large lipid-containing 163 cells are localized under a layer of muscle below the sphincter, the function of which remains 164 unclear. Microscopy analysis of infected cardia supported our previous molecular findings as we 165 observed fewer parasites in the cardia of inf+/-( Fig 2D) compared to inf+/+ flies ( Fig 2E) . 166
Parasites from inf+/-cardia were restricted to the ES, whereas inf+/+ cardia had parasites in both 167 the ES and in the lumen. Hence, the parasite populations resident in inf+/+ cardia had 168 translocated from ES to the lumen, while parasites in inf+/-cardia failed to bypass the PM 169 barrier. These data suggest that the cardia physiological environment may influence the parasite 170 infection phenotype and transmission potential. 171
172

PM is compromised in permissive (inf+/+) cardia but not in non-permissive (inf+/-) cardia 173
For succesful transmission, trypanosomes that reside in the ES of the midgut must traverse the 174 PM barrier a second time in order to reenter into the gut lumen, move forward through the foregut 175 and mouthparts and colonize the SGs. This process is thought to occur in the cardia [6, 19] 176 because newly synthesized PM in this niche likely provides a less robust barrier. We investigated 177 whether the functional integrity of the PM in the two different infection states varied in the cardia 178 10 To understand the physiological implications of the inf+/-infection phenotype in the 272 cardia, we investigated the transcriptional responses of the organ as well as the ultrastructural 273 integrity of its mitochondria and muscle tissue. Gene expression patterns indicate that 274 mitochondrial functions are significantly down-regulated in the inf+/-cardia relative to the inf+/+ 275 state ( Fig 4A) . More specifically, these genes encode proteins associated with energy metabolism, 276
including the cytochrome c complex, the NADH-ubiquinone oxidoreductase and the synthase that function at the organelle's inner membrane. Loss of mitochondrial integrity was 278 further demonstrated by microscopic analysis of cardia muscle cells ( Fig 4B-D) and fat-279 containing cells ( Fig 4E-G) . In the cardia inf+/-phenotype, EM observations showed 280 mitochondrial degradation around myofibrils associated with muscle cells (Fig 4C) , while few 281 such patterns were noted in the control cardia ( Fig 4B) and cardia inf+/+ ( Fig 4D) . The 282 mitochondria within the lipid containing cells of both inf+/-and inf+/+ presented a disruption in 283 the cristae organization, suggesting a disruption of the inner membrane ( Fig 4F-G) , in support of 284 transcriptomic level findings ( Fig 4A) . 285
In addition to putative mitochondrial proteins, we found that the expression of genes 286 encoding structural proteins responsible for muscle contraction, such as myosin and troponin, is 287 also significantly reduced upon infection, particularly in the cardia inf+/-state ( Fig 5A) . Electron 288 microscopy analysis also revealed a disorganization of the Z band of sarcomeres in muscle tissue 289 surrounding the midgut epithelia in inf+/-cardia, but not in the control and inf+/+ cardia . Extensive loss of muscle integrity was noted along the midgut epithelia in the inf+/-state. In 291 addition, dilatation of the sarcoplasmic reticulum, muscle mitochondria swelling and vacuolation 292 were observed, suggesting compromised muscle functions associated with this infection 293 phenotype (S6 Fig) . The detrimental effects of trypanosome infection on cardia structure and 294 function are more apparent in the inf+/-compared to inf+/+ state, despite the higher number of 295 parasites present during the latter phenotype ( Fig 3D) . 296 297 Oxidative stress restricts parasite infections in cardia inf+/-298 Mitochondria produce reactive oxygen intermediates (ROIs) [29] , which in excess can damage 299 the organelle and surrounding cellular structures [30, 31] . The structural damage we observed in 300 mitochondria, muscle tissue and fat cells of inf+/-cardia is symptomatic of oxidative stress [32] . 301
Additionally, our EM observations demonstrate that parasites in inf+/-cardia exhibit cell-death 302 11 ( Fig 6A-B) , while parasites in inf+/+ cardia appear structurally intact ( Fig 3E-F) . Because ROIs 303 modulates trypanosome infection outcomes in tsetse [15, 33] , we hypothesized that ROIs may be 304 responsible for controlling trypanosomes in inf +/-cardia and for producing an oxidative 305 environment that concurrently results in tissue damage. We observed a significant increase of 306 peroxide concentrations in both inf+/-(406nM; TukeyHSD posthoc test, p<0.0001) and inf+/+ 307 (167nM; TukeyHSD posthoc test, p=0.0008) cardia relative to the control cardia (19 nM), with 308 peroxide levels significantly higher in the inf+/-state (TukeyHSD posthoc test, p<0.0001) (Fig  309   6C ). When we experimentally decreased oxidative stress levels in infected flies by supplementing 310 their blood meal with the anti-oxidant cysteine (10µM) ( Fig 6D) , 85% of midgut infected flies 311 developed SG infections, while only 45% of midgut infected flies had SG infections in the 312 absence of the antioxidant (GLM, Wald-test p<0.001). Our results indicate that the significantly 313 higher levels of ROIs produced in the inf+/-cardia may restrict parasite infections at this crucial 314 junction, while lower levels of ROIs in the inf+/+ cardia may regulate the parasite density without 315 impeding infection maintenance. 316
Homeostasis of redox balance is one of the most critical factors affecting host survival 317 during continuous host-microbe interaction in the gastrointestinal tract [34] . In the mosquito 318
Anopheles gambiae, increased mortality is observed when ROIs is produced in response to 319 Plasmodium berghei infections [35] . A similar trade-off expressed in the inf+/-cardia may 320 restrict parasite infections while causing collateral damage to essential physiologies. Conversely, 321 strong anti-parasite responses that compromise essential physiologies are absent in infected cardia 322 inf+/+, thus allowing the parasites to continue their journey to colonize the SG and successfully 323 tranmit to a new host. Additionally, flies with SG parasite infections also suffer from longer 324 feeding times due to suppressed anti-coagulation activity in the salivary glands, which may once 325 again help with parasite transmission [36] . 326 327
Conclusion 328
Trypanosome transmission by tsetse reflects a tug-of-war that begins with parasite colonization of 329 the midgut and ends when parasites are transmitted to the next vertebrate via saliva. During the 330 initial stages of infection establishment, BSF parasite surface antigens, VSGs, that are shed into 331 the gut lumen have been found to manipulate vector gene expression in the cardia. This 332 interference results in a transiently compromise PM that enables the parasites to escape the blood 333 bolus and invade the ES stage of the midgut. While tsetse's immune responses eliminate parasites 334 from the majority of flies, some trypanosomes persist and colonize the cardia of a small 335 proportion of flies. We show here that translocation from the cardia's ES to the lumen, by passing 336 through the PM, is an integral component of the trypanosome life-cycle in tsetse and that loss of 337 PM integrity is an essential requirement for the success of this process (summarized in Fig 7) . 338
Trypanosomes may once again manipulate this process by influencing the expression of PM-339 associated genes in the cardia through molecular interference, similar to what occurs in the initial 340 stages of infection establishment in the midgut [9] . It is also possible that trypanosome produced 341 products may further act on the PM to reduce its integrity and efficacy as a barrier. Finally, 342 parasite transmission could represent a trade-off where vector tolerance to the parasites 343 minimizes self-inflicted collateral damage. Our work substantiates the central role that the PM 344 plays in the parasite-vector interaction. It potentializes this membrane as a target for vector 345 control strategies to enhance its barrier function to block parasite transmission. Flies were infected by supplementing the first blood meal of newly eclosed flies (teneral) with 360 5x10 6 parasites /ml. Where mentioned, cysteine (10µM) was added to the infective blood meal to 361 increase the infection prevalence [15] . 362
For survival assays, Serratia marcescens strain Db11 was grown overnight in LB medium. Prior 363 to supplementation with Serratia, the blood was inactivated by heat treatment at 56°C for 1 hour 364 as described in [7] . 365
mRNA Library Constructions and Sequencing 367
At day 40 post parasite challenge, all flies were dissected 48 hours after their last blood meal, and 368 midgut and salivary glands (SG) were microscopically examined for infection status. Flies were 369 classified as inf+/+ when infection was positive in both the midgut and the SG, as inf+/-when 370 infection was positive in the midgut but negative in the SG. Cardia from inf+/+ and inf+/-flies 371 were dissected and immediately placed in ice-cold TRIzol (Invitrogen). For each infected group, 372 inf+/+ and inf+/-, 10 cardia were pooled into one biological replicate and three biological 373 replicates were obtained and stored at -80°C prior to RNA extraction. Similarly, three biological 374 replicates containing 10 cardia from age-matched flies that had only received normal blood meals 375 (non-inf) were prepared. Total RNA was extracted from the nine biological replicates using the 376 
Quantification of trypanosomes 413
At day 40 post parasite challenge, flies were dissected 72 hours after their last blood meal, and 414 midgut and salivary glands (SG) were microscopically examined for infection status. Cardia were 415 dissected, pooled by 5 in ice-cold TRIzol (Invitrogen) in function of their infection status (inf+/+ 416 or inf+/-), and then flash-frozen in liquid nitrogen. RNA was extracted using the Direct-zol RNA 417
MiniPrep (Zymo Research) following the manufacturer instructions, then subjected to DNase 418 treatment using the Ambion TURBO DNA-free kit AM1907 (Thermo Fisher Scientific). 100ng 419 of RNA was utilized to prepare cDNA using the iScript cDNA synthesis kit (Bio-Rad) following 420 the manufacturer instructions. qPCR analysis was performed using SYBR Green supermix Rad) and a Bio-Rad C1000 thermal cycler. Quantitative measurements were performed in 422 duplicate for all samples. We used ATTCACGCTTTGGTTTGACC (forward) and 423 GCATCCGCGTCATTCATAA (reverse) as primers to amplify trypanosome gapdh. We used 424 CTGATTTCGTTGGTGATACT (forward) and CCAAATTCGTTGTCGTACCA (reverse) as 425 primers to amplify tsetse gapdh. Relative density of parasite was inferred by normalizing 426 trypanosome gapdh expression by tsetse gapdh expression. Statistical comparison of relative 427 densities was performed on Prism 7 (GraphPad software) using a Student t-test. 428
Direct counting of parasites was operated by dissecting the cardia and the whole remaining 429 midgut from flies prepared similarly than above. Individual tissues were homogenized in PSG 430 buffer (8 replicates for each tissue). Homogenate was then fixed in an equal volume of 4% PFA 431 for 30 min. The solution was then centrifuged 15 min at 1,000 rpm, the supernatant was discarded 432 and the pellets containing the trypanosomes from cardia and midguts were suspended in 100µl 433 and 2,500µl PSG buffer, respectively. Trypanosomes from the total solution were counted using a 434 hemocytometer. Statistical comparison of numbers was performed on Prism 7 (GraphPad 435 software) using a Mann-Whitney rank test. 436 437 Midgut-associated procyclic trypanosome re-infection. 438
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At day 40 post parasite challenge, flies were dissected 72 hours after their last blood meal, and 439 midgut and salivary glands (SG) were microscopically examined for infection status. Around 40 440 inf+/+ and inf+/-were independently pooled together, and then roughly homogenize in 500µl of 441 PSG buffer (PBS+2% glucose). Each homogenate was centrifuged 10 min at 500 rpm to 442 precipitate midgut debris, and then each supernatant containing parasites was transferred to a new 443 tube to be centrifuged 15 min at 1,000 rpm to precipitate the parasites. Supernatants were then 444 discarded and each pellet containing midgut procyclic trypanosomes either from inf+/+ or inf+/-445 flies was suspended in 500µl PSG. Parasites were counted using a hemocytometer. 446
Newly emerged adult females were provided a blood diet including 10 µM Cysteine and 447 supplemented with 5×10 6 of procyclic trypanosomes from either inf+/+ or inf+/-flies prepared as 448 described above. All flies were subsequently maintained on normal blood thereafter every 48 h. 449
Four independent experiments were done for each type of trypanosomes. Midgut and salivary 450 gland infections in each group were scored microscopically two weeks later. Precise sample sizes 451 and count data are indicated in S3 Dataset. 452
Statistical analysis was carried out using the R software for macOS (version 3.3.2). A generalized 453 linear model (GLM) was generated using binomial distribution with a logit transformation of the 454 data. The binary infection status (inf+/+ or inf+/-) was analyzed as a function of the origin of the 455 procyclic trypanosomes (inf+/+ or inf+/-) and the experiment it belongs to. The best statistical 456 model was searched using a backward stepwise procedure from full additive model (i.e. parasite 457 origin+experiment#) testing the main effect of each categorical explanatory factor. Using the 458 retained model, we performed a Wald test on the individual regression parameters to test their 459 statistical difference. Precise statistical results are indicated in S3 Dataset. 460 461
RNAi-mediated knockdown of PM-associated gene expression 462
Green fluorescent protein (gfp) and chitin synthase (cs) gene specific dsRNAs were prepared as 463 described in [7] . Newly emerged adult females were provided with a trypanosome supplemented 464 blood diet that also included 10 µM Cysteine. All flies were subsequently maintained on normal 465 blood thereafter every 48 h. After 6 days (at the 3rd blood meal), flies were divided into two 466 treatment groups: first group received dsRNA-cs and the second group control dsRNA-gfp. The 467 dsRNAs were administered to each group in 3 consecutive blood meals containing 3mg 468 dsRNA/20µl blood (the approximate volume a tsetse fly imbibes each time it feeds). Four 469 independent experiments using the same pool of dsRNA were generated for each treatment. 470
Midgut and salivary gland infections in each group were scored microscopically three weeks 471 later. Precise sample sizes and count data are indicated in S3 Dataset. Statistical analysis on the 472 infection outcomes following the antioxidant feeding was carried out using the R software for 473 macOS (version 3.3.2). A generalized linear model (GLM) was generated using binomial 474 distribution with a logit transformation of the data. The binary infection status (inf+/+ or inf+/-) 475 was analyzed as a function of the dsRNA treatment (dsRNA-gfp or dsRNA-cs) and the 476 experiment it belongs to. The best statistical model was searched using a backward stepwise 477 procedure from full additive model (i.e. dsRNA treatment+experiment#) testing the main effect 478 of each categorical explanatory factors. Using the retained model, we performed a Wald test on 479 the individual regression parameters to test their statistical difference. Precise statistical results 480 are indicated in S3 Dataset. 481
Quantitative real-time PCR (qRT-PCR) was used to validate the effectiveness of our RNAi 482 procedure as described in [7] . For each treatment of each experiment, we dissected the cardia of 483 five randomly selected flies 72h after their third dsRNA-supplemented blood meal. The five 484 dissected cardia were pooled together and their RNA was extracted. 100ng RNA was used to 485 generate cDNA. RNA extractions from experiment #3 failed, but as the same dsRNA pools were 486 used for all experiments and considering the consistency of the knockdown we observed, we 487 decided to maintain experiment #3 in our counting results. 488 489
Serratia infection assay to assess peritrophic matrix integrity 490
To assess the PM integrity, we applied a host survival assay following per os treatment of each 491 group with Serratia marcescens as described in [7, 9] . We provided to three groups of 8 day-old 492 flies (in their 4 th blood meal) either cardia extracts obtained from challenged flies that cleared the 493 trypanosomes and are subsequently recovered from initial infection (rec-/-), or a cardia extract 494 from inf+/-flies, or a cardia extract from inf+/+ flies. We included a fourth group of 8-day old 495 flies that received an untreated blood meal. 496 Cardia extract was obtained by dissecting, in PBS, the cardia from 40 days-old infected as 497 described above. Approximately fifty cardia from either rec-/-, inf+/-or inf+/+ flies were pooled 498 together, and then gently homogenized. Parasites were counted from the homogenates of inf+/-499 and inf+/+ using a hemocytometer. The three cardia homogenates were then heated at 100°C for 500 18 10 minutes. inf+/-and inf+/+ extracts were provided to reach a concentration of 5×10 5 parasites 501 per ml of blood. As inf+/-cardia contain fewer parasites than inf+/+ cardia, the volume of the 502 inf+/+ extract provided was adjusted by dilution in PSG buffer to be equal to inf+/-volume. Rec-503 /-extract was provided at an equal volume than infected extracts to ensure the presence of a 504 similar quantity of extract molecules coming from the cardia in these groups. 48 hours after the 505 flies received blood meal supplemented with the different extracts, all flies were provided a blood 506 meal supplemented with 1,000 CFU/ml of S. marcescens strain Db11. Thereafter, flies were 507 maintained on normal blood every other day, while their mortality was recorded every day for 30 508 days. Precise counting data are indicated in S3 Dataset. 509
Statistical analysis was carried out using the R software for macOS (version 3.3.2). We used an 510 accelerated failure time model (Weibull distribution) where survival was analyzed as a function 511 of the extract received (survreg() function of "survival" package). Pairwise tests were generated 512 using Tukey contrasts on the survival model (glht() function of "multcomp" package). Precise 513 statistical results are indicated in S3 Dataset. 514 515
Antioxidant feeding 516
Newly emerged adult females were provided with a trypanosome-supplemented blood diet that 517 also included 10 µM Cysteine. All flies were subsequently maintained on normal blood thereafter 518 every 48 h. After 10 days (at the 5th blood meal), flies were divided into two treatment groups: 519 first group received the anti-oxidant Cysteine (10µM) and the second group was fed normally as 520 a control. Cysteine was administered each blood meal until dissection. Four independent 521 experiments were done for each treatment. Midgut and salivary gland infections in each group 522 were scored microscopically three weeks later. Precise sample sizes and count data are indicated 523 in S3 Dataset. S  i  m  a  r  r  o  P  P  ,  C  e  c  c  h  i  G  ,  F  r  a  n  c  o  J  R  ,  P  a  o  n  e  M  ,  D  i  a  r  r  a  A  ,  P  r  i  o  t  t  o  G  ,  e  t  a  l  .  M  o  n  i  t  o  r  i  n  g  t  h  e  556   p  r  o  g  r  e  s  s  t  o  w  a  r  d  s  t  h  e  e  l  i  m  i  n  a  t  i  o  n  o  f  g  a  m  b  i  e  n  s  e  h  u  m  a  n  A  f  r  i  c  a  n  t  r  y  p  a  n  o  s  o  m  i  a  s  i 
